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Adaptive evolution: The struggle for dominance
Brian Charlesworth
Although wild-type alleles are generally dominant over
mutant alleles, recently established alleles for pesticide
resistance are rarely recessive in combination with their
progenitors. This seems to be caused by a combination
of a ‘selective sieve’ favouring non-recessive mutations,
and the biochemical basis of resistance.
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The phenomenon of dominance has attracted the
attention of geneticists for over one hundred years [1]. It
was noticed early on that heterozygotes for mutant and
wild-type alleles almost invariably show the wild-type
rather than mutant phenotype [2,3]. Mutations often cause
a partial or complete loss of function of the gene product,
as a result of a variety of kinds of changes at the DNA
level. Why do heterozygotes for wild-type and mutant
alleles so often show a wild-type phenotype, when the
amount of fully active gene product is only half that of
wild-type?
Two types of explanation have been suggested. The first
is that dominance is a product of natural selection [3,4].
R.A. Fisher [3] considered a locus at equilibrium between
recurrent mutation and selection against the mutant
alleles. If the mutations initially have heterozygous
effects on fitness, there is a selective advantage to
modifier alleles at other loci which cause the phenotype
of mutant heterozygotes to become closer to wild-type
(Figure 1). But, as pointed out by Sewall Wright [5], the
selection pressure on a modifier allele that affects
dominance at a locus at equilibrium under the balance
between mutation and selection is weak — of the order of
the mutation rate. 
Wright argued that such weak selection means that
dominance is unlikely to have evolved in this way.
Instead, he suggested the second type of theory:
dominance is an intrinsic feature of the relation between
genotype and phenotype. The numerous gene-controlled
steps in a pathway leading to a given phenotype mean that
a 50% reduction in the activity of any one step is likely to
have minimal effects on the amount of final product [5].
The development of metabolic control theory since the
1970s has provided a rigorous foundation for this theory of
dominance, at least as far as phenotypes associated with
enzymatic pathways are concerned (Figure 2) [1,6,7].
A seemingly fatal blow to Fisher’s theory was struck a few
years ago [8]. Organisms in which the life-cycle is predomi-
nantly haploid, such as Chlamydomonas, experience little or
no selection for dominance of wild-type over mutant
alleles. Studies of dominance relations in artificially
produced diploids in Chlamydomonas provide evidence that
the average frequency of dominance versus recessivity of
wild-type is no different from that in diploid species, even
for genes that are expressed exclusively in the haploid
phase [8]. It thus seems safe to conclude that Wright was
right: dominance of wild-type over rare mutant alleles is not
a direct product of selection for modifiers of heterozygotes.
But another phenomenon involving dominance was also
noted early in the history of genetics. Mutations that have
recently become established in populations by selection
seem overwhelmingly to have at least some level of
heterozygous phenotypic expression, and are often nearly
completely dominant [2,3,9]. Adaptive evolution thus
seems to exploit alleles with radically different properties
from those studied by laboratory geneticists. A commonly
accepted explanation of this effect is called “Haldane’s
sieve” [10], in recognition of J.B.S. Haldane’s pioneering
theoretical treatment [9,11]. With random mating, recessive
Figure 1
Dominance modification according to Fisher’s theory [3]. The wild-type
and mutant alleles at a locus under selection are A and a, respectively.
The table shows the fitnesses of the genotypes formed by combinations
of alleles at this locus with those at the dominance modifying locus,
relative to a value of 1 for AA. The dominant allele M at the modifier
locus is assumed to change the phenotype of Aa to wild-type (this is
the most extreme possibility), so that the fitness of Aa carriers of M is 1.
If the mutation rate from A to a is u, the frequency q of the A allele in a
large randomly-mating population fixed for mm is approximately u/hs,
where s is the difference in fitness between AA and aa homozygotes,
and hs is the reduction in fitness of Aa relative to AA in the absence of
the modifying allele [11]. Ignoring the rare aa genotypes, the fitness of
carriers of M is 1. The genotype mm is present in combination with Aa
(fitness 1—hs) a fraction 2q of the time, providing that M and A are
loosely linked. The net fitness difference between Mm and mm is thus
2qhs = 2u [5]. This measures the selective advantage of an M allele
introduced into an mm population.
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autosomal mutations occur as homozygotes only at very low
frequencies in large populations, and so selection has little
chance of overcoming the accidents of random sampling to
which rare genotypes are liable. Rare alleles are only likely
to be established by selection if they exhibit significant
heterozygous effects [9–11]. Modifiers of dominance may
sometimes spread during the process of substitution of a
favourable allele, strengthening the extent of heterozygous
expression of the new allele [4,12].
But this raises the question of how a reasonably high level
of heterozygous expression of a selectively favourable
mutant allele can occur, if the biochemical theory
favoured by Wright is correct. Are the alleles exploited by
selection a special subset of possible mutations — such as
regulatory mutations causing increased levels of gene
expression — or do their properties fall within the range
exhibited by the mutations usually studied by geneticists?
The evolution of resistance of animals and plants to pesti-
cides offers an excellent opportunity to examine this ques-
tion. A recent survey of the literature on this subject [12]
has provided tests of the extent to which the properties of
newly established resistance alleles are consistent with
simple biochemical models.
The first result is that alleles conferring resistance
usually show a high level of expression when heterozy-
gous, as far as survival in the presence of pesticide is con-
cerned. The level of dominance of the resistance allele,
R, over its sensitive counterpart, S, can be measured
using the LD50 — the dose of pesticide required to kill
half the individuals of a given genotype. The level of
dominance D of R is conveniently measured by the ratio
D = (LD50[RS] – LD50[SS]) / (LD50[RR] – LD50[SS]),
where RR, RS and SS are the three possible genotypes at
the resistance locus. If D = 1, R is dominant to S; if D = 0,
then the reverse is true.
In their survey, Bourget and Raymond [12] found that D
is usually substantially greater than 0, and often much
greater than 0.5. For example, mutations affecting acetyl-
cholinesterase confer resistance to organophosphates. In
23 cases, the modal value of D was 0.84; D was less than
0.5 in only two of these cases. The least degree of domi-
nance is shown by sodium channel mutations, which
confer resistance to the insecticide DDT and pyrethroid
insecticides. Here, the modal value of D in 16 cases was
0.17, with a minimum of 0.04. Some caution should be
exercised in interpreting these data. LD50 is not necessar-
ily a good measure of natural mortality, as this depends
on the conditions experienced by the population in the
field. Nonetheless, it is impressive that resistance is
rarely close to recessivity.
The next question is whether this lack of recessivity, and
the differences between different types of resistance, have
a simple biochemical basis. When resistance is associated
with a multi-step enzymatic pathway, there is good reason
to expect the biochemical model to apply [1,6,7]. A high
dose of poison will cause the S form of the relevant
enzyme to lose activity completely, whereas the R form
may still retain normal activity. There is thus likely to be
enough active product in the presence of the poison in RS
heterozygotes to confer a high level of dominance on the
R allele. Indeed, 17 cases of this kind were all associated
with D values of 1 [12]. But the R enzyme can also suffer
from reduced activity in the absence of poison, as a by-
product of the change that confers resistance. In such
cases, there is likely to be much less than 50% of normal
enzyme activity in RS individuals, and dominance of R
will be incomplete. The near recessivity of resistant
acetylcholinesterase in one form of resistance in the mos-
quito Culex pipiens is consistent with this, as the enzyme
activity of the R form is one-quarter that of wild-type [12].
The predictions of metabolic control theory are therefore
well met by the cases where enzyme pathways are
involved. But this theory has no obvious relevance to resis-
tance caused by changes in ion channels. As already noted,
sodium-channel-based resistance tends to be much closer
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Figure 2
Flux through a metabolic pathway. Each pair of arrows represents a
reversible step in a pathway, catalysed by enzymes E1, E2, ..., with an
initial starting point S and intermediate products P1, P2, ..., and a final
product P. The curve shows the rate of production of P (the flux) as a
function of the activity of the enzyme that catalyses step i, Ei, relative to
its maximal value. Provided that the enzymes in the pathway are far
from saturation by their substrates, a curve of this shape is expected
theoretically [6,7]. A 50% reduction in enzyme activity thus has only a
small effect on the flux [6].
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to recessivity than acetylcholinesterase-based resistance.
Cell death in this case is caused by the opening of channels
that are normally closed; a few such open channels per cell
is lethal. Heterozygotes, with 50% of their channels open,
are therefore likely to suffer high mortality [12]. If any-
thing, it is thus surprising that sodium-channel resistance is
not completely recessive; this is likely to reflect the action
of Haldane’s sieve. In contrast, resistance to cyclodiene
insecticides is based on changes in γ-amino butyric acid
(GABA)-gated chloride channels, which are closed by the
poison. The opposite pattern of dominance is therefore
expected and observed: in 15 cases, the modal value of D is
0.60, and the minimum is 0.30.
These results suggest that the dominance relations of
alleles conferring pesticide resistance can be understood
in relatively simple biochemical terms, and that it is not
hard for selection to make use of mutations with
pronounced heterozygous effects. A weakness of the
study, however, is that there is little information on the
dominance relations of mutations that have not been
screened by selection. It is therefore hard to tell whether
or not the distribution of D values among mutations
established by selection differs from that for newly arisen
mutations. Information of this kind is critical for testing
the importance of Haldane’s sieve for evolutionary
patterns [10,13]. It is to be hoped that, before long, such
data will become available.
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